INTRODUCTION
Tuberculosis kills more than 2 million people per year. In addition, the incidence of over 8 million new cases each year and the fuel added to the fire by the HIV epidemic lead to the concern that this global problem may be spiraling out of control. No new vaccine has been introduced for 80 years and no new (specifically approved) drug for more than 30 years. In both cases, the development of new preventions or treatments is a complex and difficult task that is further compounded by the fact that clinical trial assessments will be a lengthy business. If there is a glimmer of hope, then new advances in proteomic-and genomic-based technologies may accelerate both the identification of key antigens that can be used in new vaccines and the identification of bacterial biosynthetic pathways that can be used in drug discovery. This brief review discusses current advances in the preclinical screening of new vaccine candidates.
THE EXISTING BCG VACCINE
The existing vaccine for tuberculosis is called BCG, which stands for Mycobacterium bovis bacillus CalmetteGuerin after the two French scientists who derived this live vaccine from a culture of virulent bovine tuberculosis from 1908 to 1921. Since then, more than a billion doses of BCG have been given. The vaccine is safe and inexpensive to produce.
But does it work? Whereas it clearly had a protective effect in certain controlled clinical trials, in others its effects were low or even zero (8, 11, 12, 23) . This is a complicated matter to explain, and for that matter still contentious, but can be summarized as follows. BCG does have a protective effect if given to young children, but its activity diminishes as the individual gets older (into the teenage years), and it does not appear to work if given to adults. The vaccine can be seriously inhibited if given to people already sensitized to environmental mycobacteria such as M. avium (7, 25) . Moreover, the BCG parent strain has been widely distributed around the world over the past 80 years and, in the process, resulting in the suspicion that the vaccine has been "attenuated to impotence" (5) . This suspicion has been confirmed at the molecular level by the demonstration that daughter strains of BCG have clearly lost more and more genetic content (4).
While there is a general consensus that a new vaccine needs to be developed, there is no consensus as to whether this vaccine should replace BCG or be used to boost it. Of course, this depends on how good a new vaccine might turn out to be. Because of the time needed to evaluate new vaccines at the clinical level, it will probably be wise to look at the feasibility of both approaches. In addition, since BCG does seem to confer protection against disseminated and meningeal tuberculosis in children, as well as having a protective effect against leprosy, then it is very unlikely to be completely replaced any time soon.
NEW VACCINE APPROACHES
Preclinical testing of new vaccines for tuberculosis currently falls into four steps. First, new candidates are tested in mice to ensure that they are capable of inducing a TH1 response that is necessary for the efficient generation of protective immunity to tuberculosis (26) . The next step is to immunize mice and then (usually a month later) challenge them with a low-dose aerosol challenge infection with M. tuberculosis. Then, 30 days later, the mouse is euthanized and the bacterial load in the lungs determined, as well as an assessment of any potential changes in the lung gross pathology. If there is a statistically significant reduction in this level in the vaccinated mice, then the vaccine candidate can be regarded as active. This is not a perfect model; it gives no indication of the longevity of the vaccine effect or any longer-term positive changes in pathology, but it is cost effective as a model, allowing relatively large numbers of candidates to be screened. In this regard, to date the NIH program at Colorado State University (CSU) has tested more than 220 candidates.
The third level is to use the guinea pig to further test the efficacy of the vaccine. This animal is exquisitely sensitive to M. tuberculosis infection (the lethal dose is probably less than five), and it exhibits a pathological process in the lungs that have several similarities to that seen in humans with tuberculosis. As a result, it is considered by many to be perhaps the most convincing model in which vaccine activity can be assessed. A drawback, however, is that it requires considerable animal housing space and is expensive to keep, reducing its practicality.
Protection in the guinea pig can be demonstrated in two ways. The first is to use the same read-out as the mouse model and look at day 30 lung burden (21) . The second, pioneered at CSU, is to follow long-term survival and attendant lung immunopathology (2) . Unfortunately, a limitation of the guinea pig model is the lack of immunological reagents (so abundant for the mouse) that makes it difficult to provide useful correlates of protection.
The final evaluation step is the primate model. Because of the expense and need for specialized facilities, this can only be used for the most promising candidates. At this time, there is still no consensus on which species of animal gives the best results (19) .
There are several types of new candidate vaccines. At the time of writing, emphasis is centering on four types, namely subunit/fusion protein vaccines, DNA vaccines, recombinant BCG vaccines, and live-attenuated vaccines.
Subunit and fusion protein vaccines have been shown to protect in mice and to significantly prolong survival and reduce necrotic pathology in guinea pigs. Pooled proteins (1, 17, 27) , as well as individual proteins (6, 16, 20) , have been tested in various models, and several appear promising. Several laboratories have also derived polyproteins by gene fusion technology, and one of these designated 72f (Corixa, Seattle, WA, USA) has strong protective activity by itself and doubles the survival of guinea pigs when used as a BCG boost. Until recently, a major limitation to the use of this type of vaccine has been the need for an appropriate adjuvant, but over the past few years, adjuvants have slowly started to emerge that seem capable of driving the immune response to the candidate in a TH1 manner. These include various formulations based on monophosphoryl lipid A, the saponin QS21, and new synthetic adjuvants.
DNA vaccines are another area in which substantial progress has been made, with multiple targets. Vaccines against many of these seem to protect, at least in short-term assays (18) . Enthusiasm for this approach waned for a period of time, because of concerns about safety and disappointing results in human trials, but seems to be returning in the form of "prime-boost" strategies. In these, DNA is given first, followed by protein antigens or antigens delivered in live vectors such as adenovirus. There are multiple variations on a theme here, with the boost given in adjuvant or as an adenovirus construct or other delivery devices, and it is probably too early to say how effective in the long run these approaches will be. Another question is whether the DNA will work if given as a boost following BCG. In our ongoing studies at CSU, DNA encoding 72f appears to be strongly boosting BCG in guinea pigs (Figure 1) .
Recombinant BCG vaccines are also promising approaches to improve the efficacy of BCG. Recombinant BCG-secreting mammalian cytokines were an early idea in the field (22) , but these induced more rapid clearance in animal models and reduced protection and have not been pursued further. A newer approach has been to overexpress key antigens in rBCG, and recent work (15) has shown that Ag85 can be overexpressed in this manner, resulting in a vaccine that appears to be more protective than BCG controls. Several candidates are under review at CSU at this time, but for a new BCG to be truly "better", we would like to see trustworthy evidence that the vaccine results in significantly better survival of guinea pigs. Since regular BCG protects these animals for at least one year, such studies are obviously very long. A third category of rBCG vaccines includes the elegant idea of expressing the gene for the lysin from Listeria in BCG (13) . The idea here is that the listeriolysin molecule will allow the escape of mycobacterial antigens from the phagosome, promoting class-I presentation of antigens and a better CD8 T cell response. It will be very interesting to see if this strategy works, and results should be available from CSU at the end of the year.
A final area of interest regards the live-attenuated vaccines. This approach, pioneered by Jacobs, is an extension of early work in which several auxotrophic mutants were made from M. tuberculosis, with the idea being that they would vaccinate the host before they died and were cleared from the animal. These approaches have certainly worked (14) , but more technical advances have now allowed "gene knockout" strategies to be used that can target specific genes. These include the RD1 region, the original set of genes that were lost by BCG, and the pantothenate metabolic pathway. Mutants lacking these genes immunize mice against virulent challenge but cannot themselves persist in the animal. Longer-term evaluations of these promising new candidates are currently underway.
IMPACT OF PROTEOMICS/GENOMICS
The publication of the M. tuberculosis genome by Cole et al. (9) tuberculosis results in a "classical" granuloma (left) with a prominent necrotic core (which will eventually mineralize) surrounded by a mantle of lymphocytes and macrophages embedded in a matrix of collagen. These lesions become very large and the animal dies after 15-20 weeks. Survival can be considerably prolonged by BCG vaccination (center). However, while the granuloma is now highly lymphocytic, it slowly invades much of the lung tissues, eventually severely consolidating the organ and killing the animal in 50-70 weeks. Recent studies using BCG boosted by polyproteins (right) prevents this effect, and most of the lesions resolve with only small areas of granulomatous tissue evident, usually around large vessels. The mechanism underlying this effect is currently completely unknown.
